Background and Objective-Cells with osteoprogenitor potential are present within periodontal tissues during development and in postnatal life. To identify an osteoprogenitor population, this study utilized a transgenic model in which an α-smooth muscle actin (αSMA) promoter directed green fluorescent protein (GFP) expression.
these cell types within the dental follicle (DF) and the periodontal ligament(PDL) has been difficult because of a lack of specific markers with which to identify cells with distinctive progenitor properties.
The supportive tissues of the tooth, including PDL, cementum and alveolar bone, are developmentally derived from the cells of the DF through a mechanism of migration and differentiation of mesenchymal cells. In addition to this classical mesenchymal origin of periodontal tissues, it has also been proposed that epithelial-mesenchymal transformation can be, at least in part, responsible for producing cells of the cementoblast lineage (4) (5) (6) (7) (8) (9) . Thus, the DF, a major component of the tooth germ, may undergo differentiation into cell lineages of biologically functional and competent tooth-supporting tissues (10, 11) .
The PDL is positioned between the thin mineralized outer layer of the cementum and the inner wall of the alveolar bone socket (12) . It has been well documented that the PDL contains a population of progenitor cells that can differentiate into osteoblasts and cementoblasts. The ability of PDL-derived stem cells to differentiate and to mineralize has already been documented in different species, including rats (13, 14) , humans (15, 16) , mice (17) , sheep (18) and cows (19) . In addition, the process of periodontal regeneration is thought to involve the recruitment of locally derived uncommitted cell populations with the capacity to develop into osteoblasts, cementoblasts or PDL cells (12) .
The characterization and evaluation of progenitor cell populations in primary cultures of DF and PDL is critical for understanding remodeling and regeneration of the adjacent alveolar bone and cementum. Previous studies have utilized cell-surface markers to identify and characterize cell populations with osteoprogenitor potential within the periodontal tissues and the dental pulptissues. Thesestrategies used markers such as STRO-1, CD106 (vascular cell adhesion molecule-1), CD44, CD105 and CD146 that are known to be expressed by bone marrow-derived mesenchymal stem cells (1, 20, 21) . It has been shown that cell populations obtained from dental pulp, deciduous teeth, bone marrow or PDL express cell-surface markers associated with the perivascular compartment [α-smooth muscle actin (αSMA), 3G5, CD146], as well as markers of bone/dentin/cementum [Col1a1, alkaline phosphatase (ALP), osteocalcin and osteonectin)] and fibroblasts (Coll3a1 and scleraxis) (12) . It has also been demonstrated that αSMA-expressing cells are localized to the DF and to the highly vascular areas in the apical regions of the root of adult rats (22) . These data are indicative for the presence of stem cells within those tissues and underline the heterogeneity of the populations within tissues and in the in vitro assays.
We have previously shown that the αSMA promoter -green fluorescent protein (GFP) transgene construct can be used to identify a population of cells within bone marrow stromal cells and adipose-derived vascular stromal cells that exhibit osteogenic and adipogenic potential (23) . The goal of our study was to characterize a cell population residing within the periodontium that expresses GFP under the control of a smooth muscle type α-actin promoter (αSMA-GFP) (24) . Development and characterization of the visual marker for identification of the DF and PDL-derived osteoprogenitor cell population would greatly enhance the ability to selectively isolate and utilize these cells in tissue-regeneration studies.
Material and methods

Transgenic mice
αSMA-directed GFP expression-To identify the perivascular population of cells, we utilized an αSMA promoter (termed SMP8) to direct the expression of enhanced GFP, a transgenic model developed by Dr Jen-Yue Tsai (24, 25) .
Dentin matrix protein-1 promoter-directed GFP expression-We utilized previously developed transgenic mice in which a dentin matrix protein-1 (DMP-1) promoter directs the expression of the GFP transgene. Expression of GFP was localized primarily to pre-osteocytes, osteocytes and odontoblasts (26) . The Institutional Animal Care Committee approved the protocol and procedure for use of the αSMA-GFP and DMP-1-GFP transgenic mice.
Histological evaluation of GFP expression
Mandibles from 3-5-d-old mice and from 4-wk-old mice were fixed in 10% buffered formalin at 4°C for 1-3 d. Following fixation, teeth were decalcified in 15% EDTA (pH 7.1) for 1 and 3 wk respectively, placed in 30% sucrose overnight and embedded in tissue-embedding medium (Cryomatrix; Thermo Shandon, Pittsburg, PA, USA). Teeth were cut into 5-μm thin sections using a CryoJane tape transfer system (Instrumedics, St Louis, MO, USA). Green fluorescent protein expression was detected using a fluorescein isothiocyanate/Texas Red dual filter cube on a Zeiss Axiovert 200 M microscope (Carl Zeiss, MicroImaging Inc., Thornwood, NY, USA) and photographed using an Axiocam digital camera (Carl Zeiss, MicroImaging Inc.).
Immunohistochemistry
We utilized immunohistochemistry to detect the presence of CD31 as a marker of the endothelial cell population. Mandibles were processed and sectioned as indicated above. Briefly, slides were immersed in phosphate-buffered saline (PBS) for 30 min and the cover glasses were removed. Thereafter, sections were treated with 3% H 2 O 2 in PBS for 30 min to inactivate endogenous peroxidases and were then incubated in Power Blocking reagent for 20 min at 20°C. After washing with PBS, the sections were incubated with primary CD31 antibody (1:100 dilution; BD Biosciences, San Jose, CA, USA) at 4°C overnight. Sections were washed and exposed to secondary biotinylated antibody (1:200 dilution) for 1 h at 20°C and reaction complexes were visualized using the 3′-diaminobenzidime reaction (Vector Laboratories, Burlingame, CA, USA).
Preparation of murine PDL and murine DF cultures
Dental follicle cells and PDL cells were isolated from 3-5-d-old neonatal mice, and from 4-6-wk-old αSMA-GFP transgenic mice, using a procedure described by D'Errico et al. (27) . Briefly, after removal of DF or molars, together with adherent PDL, samples were initially placed in 15 mL of digestion buffer containing PBS, 1.5 U/mL of collagenase P and 0.05% trypsin, and rotated for 90 min at 37°C in a shaker. Cell suspensions were collected and enzyme activity was terminated by the addition of Dulbecco's modified Eagle's minimal essential medium/20% fetal bovine serum (DMEM/20% FBS). Cells were pelleted by centrifugation at 500 g for 5 min. The supernatant was carefully aspirated and the cells were resuspended in DMEM/20% FBS containing antibiotics and nonessential amino acids then filtered through a 70-μm pore size cell strainer. Cells were plated at a density of 10 5 cells/cm 2 in 24-well plates containing DMEM/20% FBS. At 1 wk of culture when the cells reached confluence, the medium was changed to differentiation medium (alpha-minimal essential medium/10% FBS, 50 μg/mL of ascorbic acid and 4 mM β glycerophosphate). The medium was replaced every 2 d until mineralized nodules were formed. The expression of GFP was visualized using an Olympus IX50 inverted reflected light fluorescence microscope (Olympus America, Inc., Melville, NY, USA). A specific excitation wavelength was obtained using filters for GFP topaz (exciter, D500/20; dichoroic longpass, 525DCLP; emitter, D550/40) and GFP emerald (exciter, D470/40; dichroic, 495LP; emitter, D525/50) and recorded using a SPOT Camera (Diagnostic Instruments, Sterling Heights, MI, USA).
In vitro determination of mineralized nodules in murine dental follicle cultures and in murine periodontal ligament cultures Cell cultures were monitored for mineralization at three different time-points: week 1 (without osteogenic medium); and at weeks 2 and 3 (with osteogenic medium). Consequently, to visualize mineralized nodules at the end of each time-point, culturedcellswereincubated with 20 μM xylenol orange (XO) for a period of 4 h before scanning. Prior to imaging, XOcontaining medium was replaced with fresh medium to remove the fluorescent background. Xylenol orange produced a red color when visualized using a Tetramethyl rhodamine isothiocyanate (TRITC) filter (excitation 545/30, emission 620/60).
Histochemical analysis of cell cultures
Histochemical staining for ALP activity was performed using a commercially available kit (86-R ALP; Sigma Aldrich, Inc., St Louis, MO, USA) according to the manufacturer's instructions. Mineralization was assessed using the von Kossa silver nitrate staining method. The results of staining procedures were recorded using a scanner (UMax Astra 4000U; UMax Technologies, Inc., Dallas, TX, USA) and Adobe Photoshop (Adobe Systems).
RNA extraction and real-time quantitative RT-PCR
Total RNA was extracted from DFs and PDL cultures using TRIzol reagent (InvitrogenCorp., Carlsbad, CA, USA). RNA samples were used for complementary DNA synthesis, and geneexpression analysis wascompleted using semiquantitative and real-time PCR. Three micrograms of total RNA was reverse transcribed in a 30 μL reaction mixture containing 50 ng of random hexamers mixed together with 200 U of Superscript III reverse transcriptase, according to the manufacturer's instructions. Real-time PCR was carried out using the TaqMan Gene Expression Assays (Applied Biosystems, Foster City, CA, USA) for bone sialoprotein (Mm00492555_m1) and DMP (Mm01208365_m1). The data were analyzed using the 7500 fast system SDS software (Applied Biosystems). Semi-quantitative PCR was used to detect the expression of osteocalcin and dentin sialophosphoprotein using the following primers: osteocalcin, forward, TCCAAGCAGGA GGGCAATAAG, and reverse, GCGTTTGTAGGCGGTCTTCAAG; dentin sialophosphoprotein, forward, GGCATAATCAAAACACCGCTGC, and reverse, GGGGAAATAGGGAAATGACAAAGG).
Flow cytometric analysis and cell sorting
The freshly digested murine DF (mDF) cells and murinePDL(mPDL)cells were prepared as described above. The process was terminated by the addition of medium containing serum followed by centrifugation. Cells were resuspended in PBS/FBS 12% and filtered through a 70-μm cell strainer. In order to obtain a higher proportion of αSMA-GFP-positive cells, mDF and mPDL were expanded by culture for 5-7 d. Cells were grown in DMEM/20% FBS and themediumwaschangedevery2 d. Cells were prepared by washing in PBS and by digesting the matrix with 0.25% trypsin/1 mM EDTA. Samples were resuspended in PBS/2% FBS and filtered. Phenotypic characterization using fluorescence-activated cell sorter (FACS) analysis was carried out on a FACS Calibur flow cytometer (Becton-Dickinson, San Jose, CA, USA) and analysis was performed using CELLQUEST software (BD Biosciences, San Jose, CA, USA). Our analysis utilized anti-mouse CD45-allophycocyanin (APC) (clone RA3-6B2), CD11b-phycoerythrin (clone M1/70), CD117 (clone 2B8), anti-mouse Sca1-phycoerythrin or CD90-phycoerythrin. All antibodies were purchased from Pharmingen or e-Bioscience (San Diego, CA, USA).
To analyze the cell cycle of the mDF and the mPDL, 3-d-old cultures were trypsinized and pelleted by centrifugation. A nuclear dye (Hoechst 33342; Molecular Probes, Carlsbad, CA, USA) was added to samples from wild-type and transgenic mice at a concentration of 4 mg/ mL. As negative controls we utilized the same cell sources, but without addition of nuclear dye. The labeled cells were analyzed in a BD LSRII flow cytometer (Becton-Dickinson). Data analysis was performed using MODFIT LT software (Verity Software House, Inc., Topshame, ME, USA). Both wild-type and αSMA-GFP-positive samples were analyzed to determine the distribution of cells present in G 0 + G 1 , G 2 + M and S phases.
For cell sorting, cells were prepared as previously described (28) . Briefly, cell cultures obtained from 4-d-old mDF primary cultures were digested in 0.25% trypsin/1 mM EDTA for 5 min. Following centrifugation, the cells were resuspended in PBS, washed and filtered. Cell sorting was carried out using a FACS Vantage (BD Biosciences) with a 488-nm excitation filter and a 530/30 emission filter. Cells were separated using a 130-μm nozzle and collected into DMEM/20% FBS. Cells were counted and replated at a density of 20,000 cells/cm 2 , and osteogenic differentiation was induced after the cells reached confluence.
Results
Defining the expression of αSMA-GFP in DF and PDL
Decalcified frozen mandibular sections of 3-5-d-old neonatal mice and 4-6-wk-old adult αSMA-GFP transgenic mice were prepared for histological examination. Strong expression of αSMA-GFP was observed in the DF area and weaker expression was observed within the stellate reticulum of the enamel organ (Fig. 1A) . In sections of the periodontium of a 4-wk-old mouse, cells within the perivascular areas in the apical part of the PDL showed intense expression of αSMA-GFP (Fig. 1C) . The expression of αSMA-GFP in different areas of the PDL was also examined. This analysis revealed the presence of αSMA-GFP + cells associated with the microvasculature within the alveolar crest, the horizontal and oblique fibers, and the rich vascular area of the apical fibers of the PDL (data not shown). A similar pattern of expression was also found in the dental pulp (Fig. 1E ).
αSMA-GFP-expressing cells in developing tooth and periodontium are associated with the microvasculature
To localize the expression of αSMA-GFP to cells associated within the microvasculature, sections obtained from the developing tooth organ and the periodontium were analyzed immunohistochemically for CD31 expression. The endothelial cells associated with the microvasculature within a DF, with developing layers of the enamel organ and with the apical region of the PDL were positive for CD31 (Fig. 2C,D) . The expression of αSMA-GFP was localized to the cells in close proximity to CD31-positive cells ( Fig. 2A,B) . These results indicated that perivascular cells are localized in association with the microvascular network within the developing layers and the PDL fibers.
Differentiation potential of primary mDF cells and mPDL cells
The patterns of αSMA-GFP expression in both mDF cells and mPDL cells were analyzed. The expression of αSMA-GFP was monitored at the following time-points during differentiation: week 1 (confluent cell stage); week 2 (nodule-formation stage); and week 3 (mineralized nodule stage). Phase-contrast microscopy images of cultured cells showed the degree of confluence before and after osteogenic induction (Fig. 3A) . Both mDF (Fig. 3B left panel) and mPDL ( Fig. 3B right panel) expressed αSMA-GFP from weeks 1 to 3 of differentiation. After 1 wk in culture, but before the addition of osteogenic-inductive media, cells were analyzed for ALP activity. Alkaline phosphatase activity was detected at week 1 and was maximal at week 2. von Kossa staining revealed the presence of mineralized nodules between weeks 2 and 3 in culture (Fig. 3C) . Within the nodule-containing areas, a decrease was observed in the expression of αSMA-GFP. This coincided with the progression of mineralization in both cultures derived from mDF and mPDL. To confirm these observations, we utilized a supravital staining method to detect mineralized nodules. The presence of mineralized nodules was detected using XO staining procedures. Both mDF and mPDL cells were monitored at different time-points from weeks 1 to 3. A number of XO-stained nodules were observed at week 3.
Higher magnification showed the XO-stained nodules in red (indicated by white arrows), with their corresponding GFP expression indicating that areas undergoing mineralization exhibit lower levels of GFP expression (Fig. 4A-D) .
Real-time PCR analysis of mDF cells and mPDL cells subjected to differentiation conditions showed a time-dependent up-regulation of bone-related genes such as bone sialoprotein, DMP-1 and osteocalcin (Fig. S1 ). Maximum expression of these genes was observed at the later stage of mineralization, namely week 3 (Fig. 3D ).
mDF and mPDL do not differentiate into odontoblast-lineage cells
Because primary cultures of mDF and mPDL may be contaminated with dental pulp, it is important to clearly distinguish osteogenic differentiation from odontogenic differentiation. A high level of expression of DMP-1-GFP was detected in odontoblasts and osteocytes in the 5-d-old mandible ( Fig. 5A-D) . No expression of DMP-1-GFP was detected in the dental pulp or in the DF (Fig. 5A,B) . The primary mDF cultures, derived from DMP-1-GFP transgenic mice and grown in osteogenic media, showed a correlation of the GFP signal with mineral deposition (Fig. 5E,F) . The presence of DMP-1-GFP in the cultures confirmed that progenitors achieve terminal differentiation into mineralized tissues. We utilized RT-PCR analysis to identify dentin sialophosphoprotein expression in samples derived from primary cultures. Dentin sialophosphoprotein expression was detected only in samples of dental pulp cultures that were utilized as a positive control (Fig. 5G , dental pulp); no detectable levels of dentin sialophosphoprotein were present in mDF or in mPDL. Real-time PCR also demonstrated that cell cultures of mDF and of mPDL do not express dentin sialophosphoprotein (data not shown). This observation indicated that both mDF and mPDL did not exhibit the ability to differentiate into odontoblast-like cells and that the method of primary culture preparation did not result in any significant contamination with dental pulp cells.
Phenotyping of the αSMA-GFP + population derived from mDF and mPDL cultures
The profiling of mDF and mPDL was performed using flow cytometry for cell cycle analysis and detection of cell-surface markers. Flow cytometric analysis of 6-d-old cultures revealed the presence of a high proportion of αSMA-GFP + cells (Fig. 6A,B,F,G) . Detection of the GFP transgene was combined with cell cycle analysis using a Hoechst 33342 nuclear stain. The αSMA-GFP + cells derived from mDF showed a high proportion of cells undergoing division, with 50% of cells in the G1/G0 phase, 33% in the S phase and 17% in the G2M phase (Fig.  6D) . Similarly, in mPDL cell populations, 57% of cells were in the G1/G0 phase, 27% were in the S phase and 16% were in the G2M phase (Fig. 6I) . αSMA-GFP + cells derived from both mDF and mPDL showed a significantly higher cell-division rate compared with αSMA-GFP − cells (Fig. 6 ).
Immunolabeling for CD45, Sca-1, CD90, CD117 and CD11b was performed on cells after 5-7 d in culture. A high proportion (94%) of mDF cells were αSMA-GFP + (Fig. 6B ) and did not express CD117 or CD11b (data not shown). Large proportions of αSMA-GFP + cells were Sca1 + (40%) and CD90 + (25%), indicative of the presence of a mesenchymal progenitor population within the αSMA-GFP + cells (Fig. 6E,J) . Fluorescence-activated cell sorter analysis revealed that 55-65% of αSMA-GFP + cells obtained after short-term culture of mPDL cells expressed Sca-1 and CD90. Our results indicated that αSMA-GFP + cells express markers characteristic of mesenchymal progenitor cells and exhibit a high proliferation when grown in primary cultures.
Evaluating osteoprogenitor ability of sorted αSMA-GFP + cells
Cell populations obtained from 5-d-old primary cultures of mDF cells were used for isolating αSMA-GFP + cells by cell sorting (Fig. 7A-C) . Isolated cells were replated and, upon reaching confluence, cell populations were evaluated for their capacity to differentiate into the osteoblastic lineage (Fig. 7D,F) . After 3 wk of culture in an osteogenic induction medium, αSMA-GFP + cells derived from primary mDF showed intense ALP activity and large areas of mineralization, as detected by von Kossa staining (Fig. 7E) . By contrast, the αSMA-GFP − cells failed to undergo mineralization (Fig. 7G) . These data strongly support our initial observations that αSMA-GFP + cells contain a population of osteoprogenitor cells with the ability to generate mature osteoblast-lineage cells.
Discussion
Previous studies have revealed the existence of mesenchymal progenitors within the PDL cell population that exhibits the ability to differentiate into an osteoprogenitor lineage (3). These cells, termed PDL stem cells, can be isolated based on their expression of the cell-surface markers STRO-1 and CD146 (29) . Although these markers can enrich for the stem cell population, the STRO-1 + CD146 + population still remains heterogeneous. In addition, the STRO-1 marker is restricted to studies on human PDL stem cells, with data on its expression in the murine model being very limited (30) . Recent publications indicate that the CD146 population is localized to the perivascular niche, and that these cells derived from bone marrow (31) and from human PDL have the ability to differentiate into an osteoprogenitor lineage (1, 2, 29) . Most in vitro studies using the DF cells obtained from mouse, bovine, porcine, rat and human sources exhibited various levels of ALP activity upon stimulation with growth factors or differentiating medium, or with 1.25(OH) 2 vitamin D3. These variations can be attributed to the heterogeneity of DF cells (12, 28, 30, 32, 33) .
In this study, we characterized an αSMA-GFP-expressing cell population as a potential source for osteoprogenitors. These cells were localized to perivascular areas and in close proximity to CD31 + endothelial cells. There have been numerous reports indicating that pericytes residing within the retina and the bone marrow represent a cell population with mesenchymal progenitor properties (23, (31) (32) (33) . Similarly, a recent study by Zannettino et al. (34) described the presence of multipotential cells within adult human adipose tissue, which appears to be intimately associated with perivascular cells. The pericytes were characterized by their expression of the cell-surface marker, 3G5, and by the expression of cytoskeletal proteins such as SM22α and smooth muscle α-actin (33) . We utilized the expression of GFP under the control of an αSMA promoter to identify, visually, an αSMA-expressing population of cells within periodontal tissue. In addition, we evaluated the expression of the αSMA-GFP transgene in primary cultures derived from DF or PDL cells. The mDF exhibited distinctive features of cells undergoing mineralization in vitro as shown by their ALP activity and by von Kossa staining. Our study demonstrated that ALP activity in cultured mDF cells was detected when the cells became confluent, markedly increasing during the multilayer-formation stage. Similar results were shown in a study that utilized cloned DF cell lines (11) . The primary cultures of mDF and mPDL become confluent within 1 wk and, following osteogenic induction, mineralization and expression of the osteogenic markers bone sialoprotein, osteocalcin and DMP occured. As differentiation progressed, the expression of αSMA-GFP decreased in the areas undergoing mineralization. The definite answer regarding a decrease in the expression of αSMA-GFP in individual cells within the mineralized areas could be obtained by combining the αSMA-GFP with a visual marker of mature osteoblasts. Following utilization of a two-color approach, and by using flow cytometry, a better insight into transition of the cellular phenotype could be obtained. However, observation of a decreased expression of αSMA-GFP is supported by in vivo findings (Figs 1 and 2 ) and by our previous observations that αSMA-GFP is not expressed in mature cells of the osteoblast lineage (23).
Preparation of a primary culture of DF cells using enzymatic digestion could potentially result in significant contamination with dental pulp stem cells. Numerous studies have shown that dental pulp contains mesenchymal stem cells, termed dental pulp stem cells (35) . The dental pulp stem cell population exhibits the ability to differentiate into odontoblast-lineage cells, as described by the expression of dentin sialophosphoprotein, a marker with high specificity for odontoblasts (36) (37) (38) . We evaluated the expression of dentin sialophosphoprotein in mDF and in mPDL after the addition of differentiation media (containing 50 μg/mL of ascorbic acid and 4 mM β-glycerolphosphate). While dental pulp-derived cells (i.e. the positive control) showed a high level of dentin sialophosphoprotein expression, dentin sialophosphoprotein was not detected in primary mDF and mPDL using conventional and real-time PCR. These results support the conclusion that mature cells with mineralization potential are derived from DF and not from contaminating dental pulp.
The αSMA-GFP + cells are a rare population within the periodontal tissues of adult mice, as detected by histological evaluation. The expression of αSMA-GFP in mDF is also present in a defined population that accounts for 18% of cells of freshly digested DF tissue (data obtained by flow cytometry analysis). An intriguing observation was the potential of the αSMA-GFP + cells to divide and multiply rapidly under in vitro conditions. Cell cycle analysis showed that a high proportion of αSMA-GFP + mDF and mPDL cells undergoe cell division (S, G2 and M). This finding is very promising for tissue-regeneration purposes, as any procedure involving transplantation of progenitor cells would require their in vitro expansion. To characterize the progenitor characteristics of αSMA-GFP + cells in greater detail, flow cytometry was utilized to evaluate the expression of cell-surface markers. Large proportions of αSMA-GFP + cells were positive for the stem cell markers, Sca-1 + and Thy-1 (CD90 + ), while expression of CD117 (c-kit) or CD11b (Mac1) (data not shown) was not detected. Sca1 + and Thy1 + are indicative of the presence of a progenitor population within the αSMA-GFP + cells (39) (40) (41) . Putative stem cells in healthy and diseased PDL were largely detected within the perivascular region and hardly any were present in the extravascular region (29) . Our previous study using an αSMA-GFP reporter revealed the presence of a mesenchymal progenitor population in the perivascular niches of adipose tissues, and culturing these cells highly enriched for αSMA + /CD45 − /Sca1 + progenitors (23) .
In this study, we evaluated the osteogenic potential of the αSMA-GFP + cells using a primary tissue culture system. Following expansion and separation of cell populations by fluorescenceactivated cell sorter analysis, yielding a purity of > 99%, cells were induced to osteogenesis. Sorted αSMA-GFP + cells continued to proliferate and differentiate into mineralized nodules with strong expression of ALP. The αSMA-GFP − population contained only a few ALPpositive cells. Previous studies showed that progenitors derived from PDL and DF can differentiate into osteoblast/cementoblast cells and PDL fibroblasts (3) . As osteoblast lineage markers are expressed by cementoblasts, a clear distinction of these lineages in a murine model has not yet been established (5) . Therefore, the availability and development of a specific marker for the cementoblast has remained very elusive in the field. The cementum attachment protein (CAP) and cementum protein 23 (CP23) have been previously been shown to be relatively nonspecific for cementoblasts and are also expressed by PDL cells and osteoblasts (42) . Defining differentiation of progenitors into periodontium-related lineages with mineralization potential (osteoblasts/cementoblasts) and nonmineralizing cells (PDL fibroblasts) will require the use of adequate lineage markers. Currently, several strains of transgenic mice expressing GFP under the control of different promoters can be used to identify cellular components of the periodontium. The scleraxis promoter directs GFP expression (43) to PDL fibroblasts with only a few odontoblasts expressing a weak GFP signal (data not shown). Scleraxis is a basic helix-loop-helix transcription factor, which is expressed in tendon progenitor populations and mature tendons (44) . Utilization of the DMP-1 promoter GFP transgene (Fig. 5 ) allows identification of pre-osteocytes/osteocytes in vivo and in vitro. Dentin matrix protein-1 is expressed in mineralized nodules and shows a strong signal in osteocytes and odontoblasts in vivo (26) . Primary cultures of DF and PDL do not show evidence of differentiation into mature odontoblasts and therefore in these cultures DMP-1-GFP expression can serve as a marker for mature osteoblast lineage cells. Identifying markers expressed selectively in cementoblasts would allow the generation of a cementoblast-specific visual marker, using gene promoter sequences.
In summary, we have characterized a population of cells expressing αSMA-GFP with the ability to generate cells with a mature osteoblast lineage phenotype. Identification of adult progenitor cells using a combination of various markers will permit the development of better protocols for purification of these cells. In combination with markers of mature lineages of periodontium (alveolar bone, cementum, PDL) isolation, expansion and transplantation procedures have the potential to lead to the full restoration of damaged periodontal tissues.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Expression of the α-smooth muscle actin-green fluorescent protein (αSMA-GFP) transgene in dental follicle and periodontal ligament. αSMA-GFP expression was evaluated in decalcified frozen sections of mandibles derived from 3-5-d-old neonatal mice (A, B) and from 4-wk-old αSMA-GFP transgenic mice (C-F). Epifluorescence was detected in cells within the dental follicular area of the developing tooth and in the outer dental epithelium (A). The perivascular (PV) area in the apical part of the root showed intense expression of GFP (C, E, see arrows). Green fluorescent protein was also detected in a few cells within the dental pulp (E, arrowheads). Hematoxylin & eosin staining of adjacent sections are shown in panels B, D and F. Images were taken at 10× (A-D) and 20× (E, F) magnifications (bar = 100 μm). Localizing α-smooth muscle actin-green fluorescent protein (αSMA-GFP) to the perivascular area. Images were taken to evaluate epifluorescence (A, B) and as brightfield for immunohistochemical staining (C, D). The expression of GFP was localized in proximity to blood vessels or capillaries that were lined with CD31 endothelial cells (B, D, see arrows). The cells within the dental follicle area and the developing layers of the enamel organ, including the stellate reticulum, were positive for αSMA-GFP (A). The expression of αSMA-GFP was localized proximal to the endothelial cells, as identified by CD31 expression (C, D). Images were taken using 20× magnification (bar = 100 μm). In vitro analysis of the osteogenic potential of primary dental follicle and periodontal ligament (PDL)-derived cells. Murine dental follicle (mDF) cells (left panel) derived from 3-5-d-old mice, and murine PDL (mPDL) cells (right panel) from 4-6-wk-old α-smooth muscle actingreen fluorescent protein (αSMA-GFP) transgenic mice were imaged using phase-contrast microscopy (A). The GFP expression of both mDF and mPDL cells was monitored at different time points and the corresponding stage of differentiation: week 1 (confluent cell stage), week 2 (multilayer formation stage) and week 3 (mineralized nodule stage) (B). The cells were also analyzed for alkaline phosphatase (ALP) activity at these three time points. ALP activity was detected at week 1 and was maximal at week 2 (C). von Kossa staining revealed the presence of mineralized nodules at week 3. The mDF and mPDL cells were analyzed for the expression of bone sialoprotein (BSP) and dentin matrix protein (DMP) by real-time PCR. Maximum expression of these genes was observed after 3 wk in culture along with an increase in mineralization (D). Images were taken under 10× magnification (bar = 200 μm). Observation of α-smooth muscle actin-green fluorescent protein (αSMA-GFP) expression during mineralization. The expression of αSMA-GFP was evaluated in primary murine dental follicle (mDF) cultures (A, B) and in murine periodontal ligament (mPDL) cultures (C, D) that were induced to mineralize. Mineralization was detected by xylenol orange (XO) deposition that was added to culture 4 h before imaging. Cultures grown in 35-mm-diameter wells were imaged for GFP expression (fluorescein isothiocyanate filter) and for XO deposition (TRITC filter) using a motorized stage, and images were assembled (A, C). High-power images of the same positions show areas of mineral deposition that exhibited weaker expression of the αSMA-GFP transgene (indicated by the arrows). Original images were taken at 5× magnification, bar = 2 mm. Osteoprogenitor potential of an isolated population of α-smooth muscle actin-green fluorescent protein-positive (αSMA-GFP + ) cells. Fluorescence-activated cell sorter (FACS) analysis showing an unsorted population of primary murine dental follicle (mDF) cells (A). Following cell sorting, the purity of sorted cell populations was reconfirmed by FACS analysis of αSMA-GFP − cells (B) and αSMA-GFP + cells (C). GFP imaging of replated cells was carried out to assess for αSMA-GFP + (D) and αSMA-GFP − (F) populations. Sorted cell populations were replated and grown in osteogenic differentiation media for 3 wk. (E) The αSMA-GFP + sorted cells showed intense staining for alkaline phosphatase (ALP) activity, with almost the whole culture area covered by von Kossa-positive mineralized nodules. By contrast, the αSMA-GFP − cells (G) showed very weak expression of alkaline phosphatase and only a few mineralized areas were evident after 3 wk in culture. Images were obtained using 10× magnification (bar = 200 μm). FITC, fluorescein isothiocyanate.
